Abstract. Stratospheric water vapour influences the chemical ozone loss in the polar stratosphere via controlling the polar stratospheric cloud formation. The amount of water entering the stratosphere through the tropical tropopause differs substantially between chemistry-climate models (CCM). This is because the present-day models, e.g. CCMs, have difficulties in capturing the whole complexity of processes that control the water transport across the tropopause. As a result there are large differences in the stratospheric water vapour between the models.
Introduction
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Water vapour in the stratosphere is a minor constituent with typical mixing ratios of 3-6 ppmv (e.g., Randel et al., 2004) . It plays, however, an important role in radiative and chemical processes. Especially in the upper troposphere/lower stratosphere (UTLS) where changes in the water vapour concentration result in significant changes in radiative forcing of the atmosphere (Riese et al., 2012) . A warmer climate in the troposphere increases stratospheric water vapour (SWV) through increases in water vapour boundary conditions in the sensitivity experiments which are described below. The concentration of tropospheric methane (CH 4 ) is from Global view-data (http://www.esrl.noaa.gov/gmd/ccgg/globalview/ch4), nitrous oxide (N 2 O) concentration is from Agage data (Prinn et al., 2000) , and halogens concentrations in the troposphere (Cly and Bry) are from Montzka et al. (1999) updated data. The carbon dioxide (CO 2 ) concentration is based on global annual mean trend data The FinROSE-CTM has been used to study the impact of meteorological conditions on water vapour trends (Thölix et al., 2016) , ozone/NO x chemistry (Salmi et al., 2011) and ozone chemical loss (Karpechko et al., 2013) , and the model results showed good agreement with observations. Also future ozone losses have been investigated by using driving data from a 30 chemistry-climate model (Damski et al., 2007a) . 
S-21
• N, below 80 hPa), where it was prescribed as follows: (1) water vapour from ERA-Interim (Interim), (2) 1.6× Interim (Max), (3) 0.5× Interim (Min). The SWV lower boundary conditions for Min and Max simulations were obtained by scaling the reanalysis data in the tropical tropopause layer (TTL), around 80 hPa, between 21
• S-21
• N, so that they approximately correspond to the driest and wettest CCMVal-2 models, as determined by SWV values at the tropical tropopause (Gettleman et al., 2010) . This construction allows us to isolate the influence of the tropical water vapour on stratospheric chem-5 istry while keeping all other factors fixed, and thus to estimate the contribution of processes controlling tropical water vapour entry values to Arctic ozone loss. Eight simulated years before 2009 are considered spinup and were not analysed. Ozone was initialised with ERA-Interim ozone in every year, in the beginning of December. The water vapour was not adjusted and allowed to evolve freely through the whole period of integrations. Ozone and water vapour observations from the Microwave Limb Sounder (MLS) abroad Aura satellite (Lambert et al., 2007) were used to validate the reference simulation. MLS data is 10 shown as 5 day averages because of the small amount of data covering the polar vortex in some cases.
Results
Model simulations were made for seven winters (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , but only four of them are discussed here. The four selected 
Temperature and water vapour
The boundary condition at the tropical tropopause for the reference simulation was evaluated by comparing simulated water vapour concentrations with observed ones from MLS. The top panels in Fig. 1 show daily mean water vapour at 80 hPa averaged between 21
• S and 21
• N for two representative years 2013 and 2014. The temperature for the same region is shown 20 in the lower panels. The cold point, where SWV boundary conditions were prescribed, is just below the 80 hPa level. The temperature shows the typical annual cycle in the TTL with minimum in northern hemisphere (NH) winter and maximum in NH summer. The temperature in the TTL controls how much water vapour enters the stratosphere by freeze drying the upwelling air (e.g., Fueglistaler et al., 2005) . As a result the maximum water vapour concentration occur in the NH autumn and minimum in early NH spring. The effect of interannual variability and shorter term variations in the temperature on 25 stratospheric water vapour can also be seen, e.g. the low temperature in early 2013 results in 0.5-1 ppm less water vapour than during the same time in 2014.
The Interim simulation produces water vapour concentrations comparable to the amount seen by MLS (Fig. 1) , which shows that the boundary condition is reasonable. However, Interim variability leads that of MLS by 3-4 weeks suggesting that the Brewer-Dobson circulation in ERA-Interim responsible for upward transport of the water vapour anomalies in the tropics 30 could be too fast (Simmons et al., 1999; Schoeberl et al., 2012; Monge-Sanz et al., 2013) . The Max simulation has 2-3 ppm more water vapour in the tropics than the Interim simulation, while the Min simulation is about 1.5 ppm drier than the Interim simulation. A closer look at the SWV differences between the simulations in the tropics suggests that while the Max/Interim ratio is between 1.55 and 1.6, i.e. very close to 1.6 and in line with the prescribed boundary condition, the Min/Interim is about 0.55-0.6 suggesting that the Min run gains a small amount of water while transporting air upward.
We next describe the meteorological condition in the Arctic stratosphere during the analysed winters. Figure 2 shows the daily average temperature in the Arctic polar vortex in winters 2010/11, 2012/13, 2013/14 and 2015/16 . The polar vortex was 5 identified using the modified potential vorticity (mPV) (Lait, 1994) . Here the polar vortex is defined as the area enclosed by the 36 PVU isoline. The winter 2010/11 represents a cold winter with vortex average temperatures below 200 K and minimum temperatures below 195 K, sufficient for formation of NAT/STS PSCs, through most of the winter, from December to the beginning of April with only a brief interruption by a warming in early January. Minimum temperatures in the vortex were record cold and below 190 K even in the end of March (Manney et al., 2011) . The winter 2012/13 is an example of a warm • N average, which includes also air from outside the polar vortex, there is no similar spring increase in MLS data as seen in (Fig. 3) , and the agreement between FinROSE and MLS improves (not shown). In all winters, the Max simulation has about 2 ppm more water vapour in the Arctic polar vortex than the Interim simulation, and the Min simulation is about 1.5 ppm drier than the Interim simulation. This indicates that the simulated differences in the polar vortex water vapour are about the same as the differences in the boundary conditions for the tropical tropopause ( Fig. 1) , despite the average increase in SSW between the TTL and the polar vortex of about 1.5 ppm in each run.
There are also several SWV decreases seen in Fig. 3 which are due to the formation of ICE PSCs and possibly also to dehydration due to sedimentation of ICE particles. The most pronounced one is in the winter 2015/16 when, during a very 5 cold period (Fig. 2) , the observed concentrations decreased from 5.2 ppm to 4.7 ppm and remained low until late February.
A relatively small decrease of only about 0.2 ppm was simulated in the Interim run. This decrease corresponded to formation of ICE PSCs in the model (see Section 3.2 for discussion of PSC results) and therefore at least a part of the decrease could be explained by sedimentation. A much larger decrease of about 1 ppm was seen in the Max simulation starting from late December, which is consistent with larger amounts of ICE PSCs simulated in this run. Another, much smaller, decrease of 10 about 0.2 ppm can be seen in the MLS observations during mid-January 2011 corresponding to a cold period. The decrease is almost undistinguishable in the Interim simulation, but is pronounced in the Max simulation, which is a result of a larger amount of ICE PSCs. In the 2012/13 winter chlorine activation starts slightly earlier than in the other years, but already in the beginning of February most of the chlorine has converted back to reservoir species due to a SSW. The maximum fraction of ClO x is about 75 %, and it is reached already in the end of December. The period with active chlorine lasted only for a short period, the active chlorine decreased during January, and in the beginning of February the concentration reached nearly background values.
Polar stratospheric clouds
The beginning of the winter 2013/14 winter was very cold, chlorine activation started in mid December, and the maximum In the cold spring 2011 the difference in chlorine activation between Min and Max simulations was about 5 % on average, it reached nearly 20 % in the beginning of April, when the chlorine deactivation was fast. In the warm winter 2012/13 the 20 difference was less significant, about 5 % during the whole short activation period. In 2013/14 winter the difference reached 10 % in the latter half of January. Between mid February and mid March the difference is 15-18 %. The chlorine activation in 2015/16 winter seems to be less dependent on water vapour content. The difference between simulations is only few percents, only when the deactivation starts (in the end of February) the difference is more than 5 %.
The effect of increased water vapour seems to be large in moderately cold years, i.e. when the chlorine activation is not so 
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The ozone loss in the warm winter 2012/13 differs from the loss in colder winters (2010/11 and 2015/16) . In winters when the polar vortex is unstable and small or disturbed the Brewer-Dobson circulation brings more NO x -rich air to the polar vortex than usual. Hence the ozone loss in the 2012/13 winter was produced mostly by NO x chemistry as shown previously by e.g., Sagi et al. (2017) . The total ozone column loss in this winter remained smaller than in cold years, when the ozone depletion is driven by halogens. By the end of April 2014 the simulated vortex mean ozone loss was about 75 DU in the Interim simulation.
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Before mid February, i.e. during the coldest period, there was very little effect from the changes in SWV. A relatively small ozone loss of 60 DU was simulated in 2015/16, which was due to the unstable polar vortex, which split and warmed, stopping the catalytic ozone cycles and ozone loss early. • ) may be too coarse to capture the deepest ozone loss.
The changes in the amount of water vapour is not very important for ozone loss in cold years, within the range that was tested here. In the 2010/11 winter the chlorine activation was nearly complete in the Arctic polar vortex, and additional water vapour did not increase chlorine activation and thus not the ozone depletion. Increasing water vapour concentration (compared 5 the Interim simulation) strengthen ozone loss at least 4 DU at other winters except for 2011 when the increase is not significant. To better understand the mechanism of SWV influence on ozone loss, simulations without heterogeneous chemistry were performed. From those simulations ozone loss caused by heterogeneous chemistry can be separated by subtracting the total ozone simulated without heterogeneous chemistry from that simulated in the full chemistry run. Two different set-ups were used for testing the effect of the heterogeneous chemistry. In the first gas-phase chemistry simulation the heterogeneous chemistry
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was not included at all. In the second simulation the formation of PSCs was limited by setting the air temperature passed to the heterogeneous chemistry module to 200 K, similarly to what was done in Karpechko et al. (2013) . This setting has little influence on the reactions on the background aerosols, but prohibits formation of STS, NAT and ICE PSCs. Table 3 summarises ozone loss characteristics during the studied years and shows the loss produced by full chemistry, heterogeneous chemistry and separately the NAT/STS and ICE PSCs in Interim, Min and Max simulations.
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In the Interim simulation with full chemistry in 2010/11 about 90 DU ozone was depleted, of which the heterogeneous chemistry caused 56 DU depletion, i.e. about 62 % of the total ozone loss. Heterogeneous chemistry due to ICE and NAT/STS PSCs destroyed 30 DU ozone, which was about 33 % of the total loss. The increase of water vapour (Max simulation) did not increase the ozone loss, but in the Min simulation there was 6 DU less ozone depletion. This is consistent with the results by Kirner et al. (2015) , who argue that the contribution of ICE PSCs to the ozone loss is always less than 5% in the Antarctic Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-310 Manuscript under review for journal Atmos. Chem. Phys. In the 2015/16 winter the heterogeneous part was largest when compared to other simulated years, reaching even 66 % of the ozone loss, and also the ICE and NAT/STS part was large, 32 %. The total ozone loss is however only 62 DU about the 10 same as in 2012/13 winter. When the water vapour content was increased from Interim to Max simulation, the fraction due to the heterogeneous chemistry remained the same, but the fraction due to NAT/STS and ICE PSCs increased.
Based on the results in Table 3 it can be concluded that nearly all SWV impact on ozone loss is through heterogeneous Warmer climate in the troposphere in the future leads to increasing water vapour concentrations in the stratosphere (Dessler et al., 2013) , which further warms the climate due to water vapour feedback. Khosrawi et al. (2016) showed that an increase in SWV and a cooling of the stratospheric temperature enhances each other, the volume of PSCs increases and they last longer in the vortex. The ozone loss can thus increase although the halogen loading has been decreased. In this study, rather than Arctic polar vortex and also the size of polar ozone depletion changes along the water vapour changes. For example too dry models may not be able to simulate a large Arctic ozone loss such as of 2010/11, which can be seen from the Table 3. A reduction in SWV decreases the ozone loss due to heterogeneous processes by decreasing the PSC formation. An increase in SWV instead makes the heterogeneous chemistry more important by increasing PSCs. If the winter is cold enough, the increase is less important, because the PSC volume is large anyway, and the chlorine activation is already nearly complete 15 in Arctic vortex. As expected, heterogeneous chemistry is more important if the winter is cold and PSC volumes are large.
In winters 2010/11 and 2015/16 over 62 % of the ozone loss is initiated by heterogeneous chemistry, and in the warm winter 2012/13 about 21 %. In winter 2010/11 Pommereau et al. (2013) got 120 DU ozone loss due to heterogeneous reactions, which is about 70 % of the total loss.
Winters in the stratosphere are often divided into cold, or dynamically inactive, and warm, or dynamically active. In the cold 20 winters the polar vortex is stable and more PSCs are formed and halogens can destroy ozone. Warm conditions in the winter stratosphere are often due to SSW, which allows NO x -rich air masses from the mesosphere to enter the vortex and take part in the ozone depletion (Sagi et al., 2017) . Cold winters differ from the warm winters when looking the ozone loss and the fraction of ozone loss initiated by heterogeneous chemistry. Also the PSC volumes and thus chlorine activation are in higher level during cold winters. A lack of water leads to less ICE PSCs, and therefore to less ClO x . However, the ICE PSC volume 25 is not the only explaining factor for ozone loss. The type 1 PSCs that form at higher temperatures are responsible for a large fraction of the chlorine activation. The formation of STS and NAT is limited by the partial pressure of nitric acid, sulfuric acid and water and hence the concentration of water vapour is not the only thing affecting the NAT/STS volume. However, the dry conditions in the Min simulations have some limiting effect on the peak NAT/STS volume.
The cold winter 2010/11 differs from the others by an especially long chlorine activation period, which lead to large ozone 30 depletion. In the warm winter 2012/13 the polar vortex was weak; however it was shifted to south where it was exposed to sun-light earlier than usually, and thus ozone loss could start earlier. The ozone loss was however weak because chlorine activation remained very low. The ozone depletion in 2012/13 occurred at higher altitudes than in the other years, because of the NO x induced ozone loss. The 2013/14 winter was moderately cold, and the ozone depletion was second largest among 
